The most frequent genetic alterations described in neuroblastoma (NB) are amplification of MYCN oncogene and deletion of chromosome 1p, although somatic deletions have been demonstrated at other chromosomal intervals. Since loss of heterozygosity (LOH) at distal 4p has been observed in about 20 -29% of neuroblastomas, we have evaluated deletions in 41 Italian NB samples by LOH analysis at loci mapping to 4p as follows: pter-D4S2936-D4S412-D4S2957-D4S432-D4S3023-D4S431-cen. Our analysis showed allele losses in eight out of 41 samples (19.5%) and allowed the identification of a smallest region of overlapping deletion (SRO) of 3.0 cM, delimited by D4S412 and D4S3023. Two of these tumors with 4p LOH are from patients belonging to a family with recurrent NB. Interestingly the genotyping of this family revealed an identical haplotype that includes the nonrecombinant loci D4S412, D4S2957 and D4S432 shared by all affected children and demonstrated that this haplotype is retained in the two tumors carrying somatic deletions from patients of this family. Furthermore linkage analysis was performed in two NB families and yielded an overall lod-score of 3.0 in the interval including the haplotype. This provides a confirmatory indication that the region delimited by D4S2936 and D4S3023, which also includes the new defined SRO, may harbor NB predisposing gene/s.
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Loss of heterozygosity (LOH) has been observed at distal 4p in sporadic neuroblastomas with an incidence ranging from 20 to 29% (Caron et al., 1996; Oude Luttikhuis et al., 2001) . Deletions at 4p have also been demonstrated by comparative genomic hybridization (CGH) analysis in sporadic (Vandesompele et al., 1998 (Vandesompele et al., , 2001 ) and familial NB cases (Altura et al., 1997; McConville, personal communication) . The role of chromosome 4 in the development of NB is also suggested by experiments in transgenic mice, which overexpress MYCN in neuroectodermal cells and develop neuroblastomas in 28% of cases. Remarkably 25% of these tumors carry a deletion of chromosome 5, orthologous with human chromosome 4 (Weiss et al., 1997) . All these data are consistent with the hypothesis that a NB-related gene maps to distal 4p.
We used LOH analysis to search for 4p deletions in Italian NB cases. Forty-one samples of primary tumors at onset from patients in different stages of disease (15 patients in stage 1, five in stage 2, six in stage 3, 11 in stage 4 and four in stage 4s) were chosen on the basis of at least 80% tumor cell content to reduce nonneoplastic tissue contamination. Thirty-nine were sporadic cases and two were familial cases. As previously described (Perri et al., 1997) , in each patient DNA was isolated from both tumor and blood samples. We evaluated LOH at distal 4p through the analysis of six microsatellite markers (Figure 1 ) belonging to the Genetho`n human linkage map (http://www.genethon.fr). Microsatellite analysis has been performed using two methods. DNA samples were amplified using primers labeled with FAM and HEX fluorescent amidites, PCR products loaded in a ABI 377 (Applied Biosystems, Foster City, CA, USA) automated sequencer and allele size defined by GeneScan TM and Genotyper TM softwares. A silver staining detection was adopted to reveal polymorphisms typed by amplification with unlabeled primers. LOH assessment threshold was set at 60% decrease in allele peak or signal intensity of the tumor DNA sample with respect to the constitutional one. and D4S3023 from NB sample 1045 reveal an interstitial deletion, which defines the SRO. Alleles detected on constitutional (upper panel) vs tumor (lower panel) DNA were sized in base pairs and peak area calculated by GeneScan TM software. LOH is exhibited by 61 and 69% decrease in one allele peak of the tumor DNA at D4S2957 and D4S432, respectively. Residual allele peaks are due to the presence of 10% stroma (data supplied by pathologists) in the tumor sample LOH at distal 4p occurred in eight out of 41 (19.5%) informative samples, in agreement with the LOH incidence found by Caron et al. (1996) . Two out of eight tumors had terminal deletions (1149 and 1425), four had a large deletion (1068, 1083, 565 and 736) and two (820 and 1045) showed interstitial deletions ( Figure  1) . It is interesting to note that the deletion from case 1045 encompassing loci D4S2957 and D4S432 identifies a smallest region of overlapping deletion (SRO) of 3.0 cM, delimited by D4S412 and D4S3023 (Figure 1 ). These findings allow to redefine and narrow down the minimal deleted region of 34 cM previously described (Caron et al., 1996) .
Patients whose tumor sample showed LOH ( Figure  1 ) were one stage 1 patient (case no. 1068), two stage 2B (no. 565 and 820), two stage 3 (no. 736 and 1083) and three stage 4 (no. 1045, 1149 and 1425). MYCN amplification was found in the tumor samples of a stage 3 (no. 1083) and a stage 4 (no. 1149) patients and 1p36 deletion in the tumor of a stage 2B patient (no. 820). These data suggest that 4p deletion may occur independently of MYCN amplification, 1p36 deletion and stage of disease. Five out of eight cases carrying the 4p deletion were stages 3 and 4, which suggests that 4p deletion may be more frequent in advanced stages of disease. Furthermore, given that the analysed NB cases were chosen on the basis of tumor cell content, they cannot be considered representative of the entire Italian NB population in terms of stage distribution. Therefore, we believe that the 19.5% 4p deletion found in the present study might underestimate the true proportion of LOH. As a matter of fact in a previous report the CGH analysis carried out on patients with advanced stage of disease showed 4p losses in seven out of 22 cases (31.8%) (Lo Cunsolo et al., 2000) .
Two tumor samples showing allelic losses (Figure 1 , cases 736 and 1425) are from patients belonging to a family with recurrent NB, where four affected children (first and second cousins) were identified in the last generation (Figure 2 ; Family IGG-E). This confirms that 4p deletion can be found in both sporadic and familial NB cases. A chromosome 4p deletion was also found in a patient from the English family UB-NB1 (Figure 3) .
The LOH analysis carried out on the two available tumor samples from family IGG-E revealed a terminal deletion on the paternally derived chromosome of patient IV-23 (Figure 2 ; see also Figure 1 , case 1425) and a large deletion including all analysed markers in patient IV-25, that occurred on the chromosome inherited from his mother (Figure 2 ; see also Figure 1 , case 736). The latter result is in keeping with the monosomy of chromosome 4 previously revealed by CGH on tumor sample from patient IV-25 (data not shown). In family UB-NB1 a terminal deletion was found on the tumor from patient III-1 (Figure 3) . The deletion occurs on the Figure 2 Pedigree of family IGG-E showing genotyping results and haplotype reconstruction for markers at 4p16. The haplotype for the three nonrecombinant loci D4S412, D4S2957 and D4S432, shared by the four affected children, is marked in a black box. Alleles found to be deleted in tumor samples from patients IV-23 and IV-25 are marked with a grey shadow maternally derived chromosome and includes the genomic interval between D4S2936 and D4S394. Although NB usually occurs as a sporadic tumor, about 1 -1.5% of all diagnosed cases show familial recurrence with autosomal dominant inheritance and incomplete penetrance. Knudson and Strong (1972) suggested that the 'two-hit hypothesis' proposed for retinoblastoma could be applied to NB and they estimated that 22% of sporadic neuroblastomas might result from a germinal mutation involving different genes.
If supported by linkage information, the molecular analyses of tumor samples carrying somatic mutations such as deletions may provide evidence of the second hit necessary for the inactivation of a tumor suppressor gene. On the basis of LOH results we carried out linkage analysis in the two NB families to evaluate whether the chromosomal region affected by somatic deletions is in linkage with the disease.
Linkage analysis is a powerful tool that has allowed the identification of susceptibility genes in specific clusters of familial cancers. Since families with recurrent NB are rarely large enough to have a sufficient number of meiotic recombinant events to reach statistical significance, additional linkage information needs to be obtained from a collection of several families by adding up lod-scores across them. In the first instance we carried out the genotyping of the two NB families at distal 4p. Haplotype reconstruction interestingly revealed that all four patients from family IGG-E shared an identical haplotype including the three nonrecombinant loci D4S412, D4S2957 and D4S432, delimited by D4S2936 and D4S3023 (Figure 2 ; black box). This genomic interval covers the SRO of 3.0 cM identified by our LOH analysis (Figure 1) . Moreover, in tumors from patients IV-23 and IV-25 of family IGG-E allele losses occur on the chromosome homolog to that which carries the co-segregating haplotype (Figure 2 ; grey shadow). These observations are consistent with the assumption that a disease-gene carrying a germline mutation might be located at the genomic interval encompassing the three nonrecombinant markers and the somatic deletion at the target interval may represent the second hit necessary for the inactivation of a recessive gene according to Knudson's hypothesis (Knudson, 1971) .
Then, linkage analysis was performed by means of the lod-score method and the 'affected-only' approach, assuming dominant transmission of the putative susceptibility gene, a disease allele frequency of 0.0001 and equal marker allele frequencies. The 'affected-only' approach is independent of assumptions about the unknown penetrance of the disease phenotype. In this analysis all unaffected individuals likely to carry the disease gene are coded as unknown at the disease phenotype. Therefore, only affected individuals provide information about cosegregation of the disease and marker alleles, whereas unaffected individuals only contribute information on marker phase. Multipoint analysis using markers D4S2936, D4S412, D4S432 and D4S3023 and the programs VITESSE (O'Connell and Weeks, 1995) for family IGG-E and GENEHUNTER (Kruglyak et al., 1996) for family UB-NB1 yielded a maximum of 3.0 overall lod-score over the whole interval including the two nonrecombinant markers D4S412 and D4S432. This further reinforces the hypothesis of a NB predisposing region delimited by loci D4S2936 and D4S3023.
In the case of rare disorders such as NB, confirmatory evidence for linkage at a given genomic interval can be found in patients with a chromosomal abnormality at/or encompassing that location. In the present study somatic deletions have been demonstrated in tumor samples from children affected by sporadic and familial NB. In one family it has been observed that in the two tumors carrying somatic deletions the haplotype shared by all affected children is retained. This suggests that genetic information from distal 4p may play a role in a group of neuroblastomas where a germline mutation segregates in family members. The identification of a SRO of 3.0 cM mapping within the predisposing region promotes the latter as a good candidate likely to harbor tumor suppressor gene/s. 
